This notation foll ows the ISO ( 1992 1 suggestion tha t "coefficient" should be u sed for a m u ltiplier possessin g dimensions whereas "factor" should be reserved for dimensionless multiplier s ' .
Introduction

Purpose and Scope
The present Report summarizes available nuclear data for fast neutron and proton therapy and radiation protection studies. The use of higher-energy neutrons and protons in radiotherapy has resulted in the need for better information on nuclear data for treatment planning. While the data needed for photon and electron therapy involve well-understood phenomena in atomic physics, the interactions of neutrons involve nuclear phenomena which cannot always be calculated reliably from basic laws of physics. The situation for protons is intermediate between neutrons and electrons-protons have both well-understood electromagnetic interactions as well as interactions involving nuclear forces which are less well ~nderstood. The higher the proton energy, the more important nuclear interactions become.
The energy range of neutrons currently used in therapy extends to 70 MeV, but, since higher energies may be used in the future, the tabulations in this Report extend to 150 MeV. This energy range also spans an important fraction of energies needed for radiation protection considerations. For protons, the tables extend to 250 MeV, except that the total non-elastic 1 cross sections are shown up to 300 MeV since these data may be useful in proton radiography and tomography. Appendices A, B, C, and D describe and provide numerical data tabulations.
The need for better nuclear data has increased greatly_ with the availability of high-speed computers, which have made possible more accurate calculations of the transport of the particles and of the absorbed dose by following individual particles from source to absorption using Monte Carlo simulation methods. Accurate nuclear data are needed in fast neutron and proton radiotherapy to determine radiation transport and energy deposition for dosimetry and shielding purpos es , to optimize beam modification devices and collimators, and for model calculations for treatment planning purpos es. Accurate data are also needed for calculating radiation protec-tion quantities (organ doses, effective dose) and operational quantities (dose equivalent).
An important test of the accuracy of the neutroninduced cross sections is that the derived kerma coeffi.cients 2 should be consistent with measured kerma coefficients, which are obtained both from direct measurements of the ionization produced by secondary charged particles, and from indirect estimates based on charged-particle cross section measurements (see Sec. 4.2) . If the evaluateda microscopic cross sections give a kerma coefficient that is in agreement with experimental measurements one can have some confidence in the absorbed 'dose predictions by a transport code that uses these microscopic cross sections. For this reason, tabulations of calculated kerma coefficients are presented in Appendix C of this Report, along with extensive comparisons of the calculated results with measured values.
The tables in this Report present cross sections needed both for transport calculations and for calculations of absorbed dose. For incident neutrons, cross sections have been previously com piled for energies up to 20 MeV (e.g. , the U.S. Evaluated Nuclear Data Files (ENDFl , and the Livermore Evaluated Nuclear Data Library (ENDL) files ). These were developed and financially supported because of the needs for data for non-medical applications, such as nuclear power generation and nuclear explosives. These compilations are based on measurements, but, when no ?1easurements are available, they involve interpolations and extrapolations, which are based on model calculations. Measur ements of neutron cross sections are most extensive and reliable up to an energy of 15 MeV for the elements of interest to such applications. The lack of measurements above 15 MeV is due, in part, to the fact that they were not needed for the non-medical applications and, in part to experimental difficulties. The difficulty is primar-ily the lack of suitable neutron sources-below 15 MeV there are sources of essentially monoenergetic neutrons, which make it possible to measure the energy dependence of the cross sections; but above 15 MeV, the relative contribution of neutrons of energy lower than the main group increases, because more reaction channels open up (though white neutron sources with time-of-flight detection can be used). The data in the present Report are, therefore, based much more extensively on calculation-based interpolations and extrapolations than the data in the previous compilations at the lower energies.
The evaluated nuclear cross sections and kerma coefficients presented in this Report were determined by nuclear model calculations using the GNASH code (Young et al., 1992) , which have been compared to existing measurements (Chadwick and Young, 1996; Chadwick et al., 1996; 1999a) . Making use of experimental data is particularly important for the analysis of the interaction of neutrons and protons with biologically important elements, since an accurate theoretical description is generally difficult because of the non-statistical properties oflight nuclei (caused by their widely-spaced nuclear levels). However, while there have been some useful recent measurements which have expanded the experimental database, the experimental information above 15 MeV is still relatively sparse, and, for this reason, nuclear theories and models provide a valuable tool for supplementing the measured data. Additionally, a nuclear-model computer code can generate the large amount of information specifying a r eaction (cross sections for the secondary reaction products at all outgoing energies and angles) in a manner which conserves energy, angular momentum, parity, and unitarity (flux conservation). The data described in this Report have been published in an article that summarizes the evaluation methods used and that provides comparisons with experimental data (Chadwick et al., 1999a) , the set of electronic data evaluations being known as the "LA150 Library"; in addition, the evaluations up to 150 MeV have been accepted into the ENDF/B-VI Library as Release 6 (Dunford, 1996) . A summary of kerma coefficients has also been published (Chadwick et al., 1999b) , as well as an overview of data needed for proton radiotherapy (Chadwick, 1999c).
Application to Radiation Therapy
For neutron therapy, neutron cross sections are needed to determine the production of secondary charged particles, neutrons and gamma rays. This information is n eeded for calculations and measurements of absorbed dose in patients; furthermore , secondary neutrons and gamma rays affect considerations of beam collimation, beam shaping, and neutron transport in the patient. Calculations of energy deposition, and secondary neutron-, photon-, and charged-particle-production, depend, critically, on the accuracy of the nuclear reaction cross sect ions.
In proton therapy, on the other hand, protons lose energy mainly through electromagnetic interactions with atomic electrons, and, because of the relatively small mass of the electron, the protons lose only a small fraction of their energy and are only deflected by small angles in each interaction. The probability of nuclear reactions occurring increases with proton energy, but is still relatively small in the therapeutic energy range. For the most part, these reactions serve to remove protons from the beam. Reaction products include secondary protons, neutrons, photons, and heavier recoils, some of which deposit energy outside the path of primary photons (ICRU, 1989) . Neutrons are particularly troublesome as a reaction product in proton therapy because they penetrate large distances and produce secondary heavy charged particles with enhanced biological effect, thereby complicating dosimetric and clinical results. More problematic are secondary neutrons generated by primary protons striking beam modification devices upstream of the patient. These neutrons pose a significant shielding problem and illuminate large portions of the patient outside the treatment volume.
Some recent research has focused on Monte Carlo radiation transport methods that utilize nuclear interaction data to simulate the energy deposition in a patient by therapy beams, in order to optimize the dose delivered to the treatment volume (Hartmann Siantar et al., 1995) . Such Monte Carlo simulations are particularly u seful for accurately determining the three-dimensional absorbed dose distributions in or near inhomogeneities. A three-dimensional map of the material composition of the patient can be obtained from a computed tomography (CT) scan-the CT information on electron densities can be used to infer material types. This map of the material composition types can then be used in the transport simulation in order to use the appropriate particle interaction cross sections and stopping powers at each point in the patient. The CT scan also serves to define the treatment volume relative to organs at risk. An important aspect to such radiation transport simulations is that the source radiation (i. e., the energy and angular distribution of the source particles, a s well as the presence of contamination particles and gamma-rays) delivered by the therapy beam needs to be accurately characterized. This is discussed in more detail in Sections 3 and 7.
Because absorbed dose distributions in the patient a re needed, and cannot be measured directly, they must be calculated. In order to verify the accuracy of these calculated distributions by measurements and derive absorbed dose values at a given therapy facility, and for specific irradiation conditions, the current practice in clinical neutron dosimetry involves several steps (ICRU, 1989): (1) Measurement of absorbed dose at a point in a water phantom under reference conditions; (2) Measurement and calculation of the relative dose distribution in a water phantom, with allowance for beam modifying devices where applicable; (3) Calculation of the relative dose distribution in the patient, including the effect of inhomogeneities and irregularities of the patient; and, finally, (4) Delivery of the prescribed absorbed dose to the treatment volume in the patient. The nuclear data described in the present Report are needed in the first three steps. In step 1, tissueequivalent (TE) ionization chambers are usually employed, and the determination of absorbed dose in tissue requires several corrections, in particular the ICRU muscle to A150 plastic kerma ratio, which depends on nuclear data. The main purpose of step 2 is to validate the calculational methods used to derive the data for the individual patient in step 3. Another feature of neutron radiotherapy is that the RBE depends on the neutron energy spectrum and the gamma-ray contribution to the absorbed dose, and, therefore, considerations of absorbed dose alone are insufficient for characterizing the radiation effects of a therapy beam. Studies that include RBE considerations would need to take into account the spectra of charged-particles produced in nuclear reactions, such as those described in this Report.
Application to Radiation Protection
In radiation protection dosimetry, the focus is on "protection quantities," defined by the International Commission on Radiological Protection (ICRP, 1991), and "operational quantities" defined by the ICRU ( 1985) . The protection quantities serve to estimate the risk of an irradiated person and to define dose limits. They are not directly measurable but can, in principle, be calculated for a receptor (individual or phantom) if the conditions of the irradiation are known. Operational quantities serve as conservative estimates for the protection quantities in the daily routine and also as quantities for measurement in radiation protection. The definition of operational quantities for area and individual monitoring implies specific irradiation conditions with respect to the radiation field and to the receptor. It a lso takes into account the biological effectiveness of the different types of radiation through the use of quality factors which are defined as a function of the linear energy transfer, LET, of charged particles at the position of interest inside the phantom. In contrast, the protection quantities are to be determined for an exposed person, and the biological effectiveness of different types ofradiation and the radiation sensitivity of different organs are taken into account by r adiation weighting factors (defined as a function of the type and energy of the radiation incident on the body, or ofradiation emitted from incorporated radionuclides) and organ weighting factors, respectively.
In external exposure, both the protection quantities and the operational quantities can be related to the basic physical quantities: fluence, kerma, and absorbed dose. This is commonly accomplished by conversion coefficients which are calculated using radiation transport codes. The coefficients enable a comparison of protection and operational quantities and they are essential for calibrations of measur ing devices. Standards laboratories maintain standards and reference radiation fields which are described in terms of the measurable physical quantities.
A joint task group of the ICRP and the ICRU has compiled information on this subject, and has recommended conversion coefficients for photons, neutrons, and electrons, and for the relevant radiation protection quantit ies (ICRP, 1997; ICRU, 1998a) . These data include conversion coefficients for neutrons up to 200 MeV. While the data for the energy region below 20 MeV are based on calculations from several groups, only two groups (Nabelssi and Hertel, 1993; 1994; Sannikov and Savitskaya, 1997) provided data for the higher energies. Additional conversion coefficients which extend to even higher energies have been calculated more recently by Ferrari and Pellicioni (1998) .
The calculations can be divided into two steps. The first step comprises the neutron transport, i.e., the scattering of neutrons and the production of secondary charged particles, while the second step involves the slowing down of the secondaries and their energy deposition at the point or region of interest. Up to a neutron energy of 20 MeV, the second step of the calculations is commonly simplified by assuming that the neutron-induced secondaries deposit their energy locally and t hat, because of the short ranges of these secondaries, charged-particle equilibrium exists and the kerma approximation can be applied. At higher neu tron energies, however, the range of the secondaries is so la rge that the calculation of the transport of at least the lighter of the charged particles is essential.
Different Monte Carlo radiation transport codes have been used in the studies of conversion coefficients for neutron energies above 20 MeV. The LAHET code (Prael and Lichtenstein, 1989) was used by Nabelssi and Hertel (1993; 1994) ; the HADRON code (Golovachik et al., 1989) by Sannikov and Savitskaya ( 1997) ; and the FLUKA code (Fasso et al., 1997) by Ferrari and Pellicioni (1998) . These codes do not make use of evaluated tabulated nuclear data; rather, they calculate nuclear cross sections "on-the-fly," using a combination of intranuclear cascade, preequilibrium, and evaporation models. The differing nuclear models used may account for the differences of up to 20% in the calculated results. The a pplicability of the differen t nuclear models to describe neutron interactions with light nuclei is discussed in Section 6. The evaluated nuclear data presented in this Report for H, C, N, and 0, provide the basis for future accurate calculations for radiation protection.
Radiation protection aspects of high-energy protons and neutrons are important in the environments of high-energy accelerators, in planning and performing manned space missions, and in aircraft. Section 3.4 provides some details of these radiation fields. The recent revision of radiation protection quantities, particularly those of the International Commission on Radiological Protection (ICRP, 1991) , have contributed to the increased interest in the radiation exposure of aircraft crew and frequent flyers (Wilson and Townsend, 1988; McAulay et al., 1996; Bartlett et al., 1997) . Cosmic radiation generates a complex radiation field of high-energy secondary radiation in the outer layers of the atmosphere and in aircraft structures. At altitudes of about 10 km and above, which are typical for long-distance flights, neutrons contribute up to 50% of the dose equivalent.
For developing dosimeters or spectrometers for neutrons, the response of these devices needs to be investigated. This is usually done by calculations that require interaction data for the respective detector materials. Examples of such developments are new moderator-based area monitors (Birattari et al., 1990; 1992; 1998; Hsu and Sun, 1995; Hsu et al., 1995) or an improved Bonner-sphere spectrometer (Hsu et al., 1994) . Common to these approaches is the use of the Pb(n, xn) reaction to increase the sensitivity to high-energy neutrons.
Application to Other Areas
An understanding of fast neutron-and protoninduced reactions is needed for aircraft and space technology applications. The occurrence of errors in integrated circuits is a regular concern at aircraft and satellite altitudes (Price and Coss, 1989), and for aircraft applications it is fast neutrons-mostly from 10 to 150 MeV and above-that appear to be the principal cause of these single particle upset events in microelectronics (Dicello et al., 1989; Normand and Baker, 1993; Taber and Normand, 1993; Srinivasan et al., 1994; Normand, 1996; Tang, 1996) . Of particular importance are nuclear data for neutroninduced reactions on Si, the main material used in the fabrication of the microelectronics, especially the energy given to heavy secondary recoils which lead to a large local energy deposition causing the single event upsets.
Evaluated nuclear cross sections are further needed for radiation transport calculations in various emerging accelerator-driven t echnologies. There is a current interest in using high-energy (e.g., 1 to 2 GeV) protons incident on spallation targets, such as Pb, W or Hg, to produce low-energy neutrons in a moderating assembly. These neutrons can then be used in a number of technologies such as t he transmutation of long-lived radioactive waste into shorter-lived products (Bowman et al., 1992) . Accurate cross section data are important for assessing the number of spallation neutrons per incident proton, radiation heating and damage, and radiation shielding requirements (Koning et al., 1998; Cappiello et al., 1995) . Additionally, reliable cross sections for neutron transport and for production of radioactive nuclides are essential for the shielding design (Sartori, 1996; Roussin, 1998) of accelerators used in material science studies, particle physics experiments, and for the design of neutron and proton radiography facilities.
Selection of Elements
Neutron cross sections are needed primarily for the abundant elements in tissue and for the elements used in beam collimation, beam shaping, and in shielding. The most important elements for which the cross sections are needed with the highest a ccuracy are H, C, and 0 , both for charged-particle production and for secondary neutrons and gamma rays. Of somewhat lesser importance are Si, Ca, N and P. The interest in Si is based both on its presence in shielding materials and in detectors; Ca is present both in bone and in shielding materials. N and P are present in tissue and bone in small quantities. Al, Fe, Cu, W and Pb are of importance for collimation, beam shaping, and shielding. Appendix C provides the most detailed information for neutron reactions on H , C, and 0. For N,Al, Si, P, Ca, Fe, Cu, Wand Pb, less detailed information is provided in the printed tabulations, though more information is provided on the accompanying compact disc (CD).
For proton therapy, total nonelastic proton cross sections are of greatest importa nce, since these govern the rate at which protons are removed from the beam, and a table (Table D .1) in Appendix D presents the total nonelastic cross sections for all the elements considered up to 300 MeV. For protoninduced reactions, the most detailed information on emission spectra in the printed ta bula tions in Appendix D is provided for C, 0, Fe, W, and Pb, with less detailed information for N, Al, Si, P, Ca, and Cu. Again, more detailed information is available on t he accompanying CD.
The nuclear data provided in this Report are for the major isotopes of the elements listed above. For most applications, where the materials present are composed of isotopes in their natural abundances, substituting the major-isotope data provided for the element under study is a sufficiently accurate approximation. Likewise, where nuclear data are needed for an element not tabulated in this work, data can be substituted from a nearby element included in this Report. The procedure of substituting data from a nearby element is most accurate for higher incident energies (approximately above 20 MeV), but is likely to be a poor approximation at lower energies. Substituting data should not be done if the activation of radionuclides is being considered.
Previous Work and ICRU Reports
A study carried out under the auspices of the International Atomic Energy Agency entitled Nuclear Data Needs for Neutron Radiotherapy, Status and Future Needs (Broerse et al., 1998) summarizes the status of the current knowledge of the subject. A summary of that study was prepared by White et al. (1992) .
A number of studies have aimed at determining neutron nonelastic cross sections above 20 Me V for biologically-important elements, using nuclear model calculations. These studies are reviewed in Section 6. The most important of these are the calculations of Brenner and Prael (1989), and Dimbylow (1982) , both of which show extensive comparisons of their results with experimental data. The present work represents an advance over these earlier approaches principally in two ways: ( 1) it makes use of recent improvements in nuclear model calculations and optimizes them for describing nuclear reactions in the 0-250 Me V energy region; and (2) new experimental information, which has become available since the earlier studies, is used extensively to guide the calculations. The measurements of neutron and proton cross sections for biological elements are reviewed in Section 4. Perhaps the most important of these for nonelastic processes are the neutron cross section measurements by Subramanian et al. ( 1983 , 1986 ), Haight et al. ( 1994 ), Slypen et al. ( 1995b , 1996 ), Benck et al. (1998b ), and Nauchi et al. (1997 , and the proton cross section measurements by Bertrand and Peelle ( 1973 ), Fortsch et al. (1988 ), Meier et al. (1989 , 1992 ), and Cowley (1997 .
The extension of evaluated nuclear data files beyond 20 MeV first occurred at Los Alamos National Laboratory, where ENDF data libraries were generated for ten elements (H, Be, C, 0 , Al, Si, Ca, Fe, W, U) for neutrons and protons up to 100 MeV (Young et al., 1990) . This work demonstrated the need to describe nuclear reactions above 20 Me V in terms of inclusive emission spectra (also known as "production spectra"), rather than representing each exclusive reaction separately as is commonly done below 20 MeV (cross section definitions are given in Section 2), and also led to the first extensions of the GNASH code to model higher-energy nuclear reactions. This work, however, focused on data needed for transport calculations and was not sufficiently complete to allow the calculation of energy deposition and kerma coefficients. More recently, the PER-EGRINE project at Lawrence Livermore National Laboratory (White et al., 1994) has stimulated the development of evaluated nuclear data libraries for Monte Carlo calculations of absorbed dose in neutron and proton radiotherapy. The bulk of the evaluated nuclear data described in this Report were developed through a Los Alamos-Livermore collaboration for the PEREGRINE project (Chadwick and Young, 1996; Chadwick et al., 1996) , as well as in support of the Los Alamos Accelerator Production of Tritium project (Capiello et al., 1995; Chadwick et al., 1999a) .
Several ICRU Reports present nuclear data for radiotherapy. In ICRU Report lOb (ICRU, 1964) methods of determining neutron spectra were discussed and information on radioactive neutron sources and on the Be(d,n) reaction was given. ICRU Report 13 OCRU, 1969), ICRU Report 26 (ICRU, 1977) , and ICRU Report 45 (ICRU, 1989) discuss the yields and spectra of radioactive and accelerator neutron sources. The neutron sources described in those reports produce neutrons of energies below 25 Me V, except for a brief mention of neutron spectra from the bombardment of a thick beryllium target by 16-, 33-, and 50-MeV deuterons (Meulders et al. , 1975) . While neutron sources that produce the lowerenergy neutrons remain useful for the measurement of neutron cross sections and for the calibration of instruments, the clinical use of neutrons has shifted to higher neutron energies than were used at the time of preparation of the earlier ICRU reports. Hence, the present Report presents, primarily, information on sources in current clinical use.
Several previous ICRU reports give tabulations of what is called in the present Report the "fluence-tokerma conversion coefficient" or, briefly, "kerma coefficient" and what has been called "kerma per unit fluence"in ICRU 13 (ICRU, 1969) and "kerma factor" in ICRU 26 (ICRU, 1977) , ICRU 45 OCRU, 1989) and ICRU 46 OCRU, 1992) . This quantity is needed for calculations of absorbed dose. All the kerma coefficients tabulated in the earlier reports were calculated by Caswell et al. (Bach and Caswell, 1968; Caswell and Coyne, 1972; Caswell et al., 1980) . These calculations are based on the "evaluated nuclear data files" (ENDF) maintained by the National Neutron Cross Section Center. Caswell et al. (1980) faced the problem t hat these files do not contain all the cross sections needed for calculations of kerma coefficients; that the files go only up to a neutron energy of 20 MeV, while the clinical use of neutrons extends to higher energies; and that even the tabulations between 15 and 20 MeV n eutron energy are extrapolations, since there is a scarcity of measurements of n eutron cross sections above 15 Me V. The kerma coefficients tabulated in ICRU Report 13 (ICRU, 1969) extend to 18 MeV neutron energy, while the later tabulations (Caswell et al., 1980) include neutron energies up to 30 MeV. The authors of these tabulations emphasize the uncertainties of the tabulated data and the need for more measurements above a neutron energy of 15 Me V. The present Report aims to respond to this concern. The number of relevant measurements remains insufficient for determining kerma coefficients reliably above 15 MeV neutron energy. Hence the neutron cross sections presented in the present Report use nuclear theory extensively to extrapolate from the limited experimental information to the needed cross sections.
7 Overview of Report
Definitions of the quantities and technical terms used in this Report are given in Section 2, for both cross sections and kerma coefficients. Section 3 describes, and reviews, thick-target, broad spectrum, neutron sources used in therapy, as well as neutron fields that may extend to higher energies in workplaces, for radiation protection considerations. Section 3 also discusses monoenergetic neutron sources used for fundamental studies in areas that include radiobiology and the measurement of cross sections and kerma coefficients, with a particular emphasis on sources above 20 MeV. Characteristics of proton sources are also described.
Experimental cross section data for neutron-and proton-induced reactions, and kerma coefficient experimental data, are summarized in Section 4.
Section 5 is devoted to neutron reactions on hydrogen since neutron-proton scattering is of such great importance in neutron dosimetry (owing to the high fraction of the neutron's kinetic energy transferred to the recoiling proton), and since the methods used for calculating and evaluating this cross section differ from those used on heavier target elements.
Section 6 describes nuclear models that are used within the GNASH computer code (Young et al., 1992) . They deal with Hauser-Feshbach equilibrium emission (concerning the decay of the compound nucleus), preequilibrium emission (which accounts for high-energy particle emission before equilibrium is reached), direct reactions, and elastic scattering.
Comparisons between the recommended evaluated data and experimental measurements are presented in Section 7, for both cross sections and k erma coefficients. Such comparisons are essential for testing the model calculations, and for as sessing the accuracy of evaluated cross section data. Radiation transport calculations of energy deposition and neutron transmission that utilize the cross sections described in this Report, compared wit h measurements, are also shown.
A summary of recommendations is provided in Section 8.
Appendix A provides a description of the ENDF format for representing nuclear reaction cross sections since the accompanying CD conta ins tables of the evaluated cross section data in the ENDF format, which is particularly convenient for use in radiation transport calculations. Tabulations of the evaluated cross sections and kerma coefficients are summarized in Appendix B and given in Appendices C (for neutron-induced data) and D (for protoninduced data).
On the accompanying CD, electronic versions of the printed tabulations present cross sections on a finer incident energy grid. For proton-induced rea ctions, they also include emission spect ra for cluster ejectiles (deuterons, trit ons, alpha-particles) that are not given in the printed tabulations due to space limitations. The CD also contains these evaluated cross sections in the ENDF format, and in a simplified version of ENDF referred to as "ENDF-easy." These electronic files provide comprehensive des criptions of all reaction cross sections and secondary emission spectra, including those of gamma-rays, heavy nuclide products (recoils), a s well as elastic scattering angular distributions. A summary of all electronic files on the accompa nying CD is given in AppendixB.
